ABSTRACT We developed a computer program for life table analysis using the open source, free software programming environment R. It is useful to quantify chronic nonlethal effects of treatments on arthropod populations by summarizing information on their survival and fertility in key population parameters referred to as fertility life table parameters. Statistical inference on fertility life table parameters is not trivial because it requires the use of computationally intensive methods for variance estimation. Our codes present some advantages with respect to a previous program developed in Statistical Analysis System. Additional multiple comparison tests were incorporated for the analysis of qualitative factors; a module for regression analysis was implemented, thus, allowing analysis of quantitative factors such as temperature or agrochemical doses; availability is granted for users, once it was developed using an open source, free software programming environment. To illustrate the descriptive and inferential analysis implemented in lifetable.R, we present and discuss two examples: 1) a study quantifying the inßuence of the proteinase inhibitor berenil on the eucalyptus defoliator Thyrinteina arnobia (Stoll) and 2) a study investigating the inßuence of temperature on demographic parameters of a predaceous ladybird, Hippodamia variegata (Goeze).
Life table parameters are important quantitative indicators of interactions between arthropod populations and the environment. By summarizing information on both fertility and survivorship, they can assess chronic sublethal effects that are undetected by acute survival assays. For example, by using life table analysis, Marinho-Prado (2011) quantiÞed effects of the proteinase inhibitor berenil on the eucalyptus defoliator Thyrinteina arnobia (Stoll); Nascimento et al. (1998) and Nardo et al. (2001) assessed the effect of Bacillus thuringiensis Berliner formulation on Podisus nigrispinus (Dallas), predator of the soybean caterpillar; Liu et al. (2005) investigated the inßuence of Bt cotton plants on the nontarget pest Aphis gossypii (Glover); and Lumbierres et al. (2004) evaluated the performance of Rhopalosiphum padi (L.) (Hemiptera: Aphididae) on Bt maize.
In life table studies, oviposition and survival data are collected over time (usually daily) and summarized into fertility life tables (FLT) for later estimation of the following parameters for each treatment evaluated: net reproductive rate (Ro), intrinsic rate of increase (Rm), doubling time (DT), mean generation time (TMG), and Þnite rate of increase (). For detailed descriptions of FLT parameters see Maia et al. (2000) . Studies for FLT parameter estimation are developed in laboratory conditions, usually following a completely randomized design, for which the experimental unit is an insect or mite female. The units are followed from their onset of oviposition until their death to record longevity and the number of eggs laid per female in each time interval (usually a day).
As FLT parameters summarize data from experimental units into a single estimate for each group (treatment), the information on within treatment variance is not readily available, thus requiring the use of computationally intensive methods for its estimation. Among them, the jackknife method as proposed by Meyer et al. (1986) is the most widely used method worldwide for variance estimation in FLT analysis (Maia et al. 2000) . Variance estimates are required for any inferential procedure such as constructing conÞ-dence bands, performing multiple comparison tests for qualitative treatments, or Þtting regression models for describing relationships between FLT parameters and quantitative factors (e.g., temperature, pesticide level). Hulting et al. (1990) developed a Pascal code to obtain jackknife estimates of all FLT parameters, conÞdence bands for Rm, and tests for comparing Rm among groups. That computer program, however, presents some limitations as pointed out by Maia et al. (2000) : 1) the preimaginal survivorship is set as common to all groups; 2) the algorithm for estimating sex ratio is not adequate when some females laid no eggs during the evaluation period; and 3) nominal signiÞ-cance levels (P values) are not provided even for Rm comparisons. Furthermore, Maia et al. (2000) developed an improved program in the Statistical Analysis System (SAS) environment (lifetable.sas, available at http://www.cnpma.embrapa.br/forms/sastat.php3) to overcome the mentioned limitations of HultingÕs program. It allows estimation of all FLT parameters with their respective SEs and conÞdence bands and comparison of qualitative treatments via one-sided or two-sided t-tests. Descriptive graphical analysis is also provided. Here, we present a version of lifetabe.sas, which was developed using the free software R, a language and environment for statistical computing (R Development Core Team 2010). This version includes the following advances: 1) use of Brent iterative method for Rm estimation instead of the one based on searching the optimal value among discrete values in an arbitrary interval around the Rm estimate obtained via approximation; 2) a module for multiple comparison tests; and 3) a module for linear regression Þtting that is appropriate for quantitative factors, including diagnostics of residuals and inßuence analysis.
The module to Þt linear regression models is particularly useful and timely if we notice that many authors have inappropriately used lifetable.sas to evaluate the inßuence of quantitative factors on FLT parameters. Many among them applied analysis of variance (ANOVA) (Ganjisaffar et al. 2011 , Pakyari et al. 2011 , Razmjou et al. 2011 , Zandi-Sohani and Shishehbor 2011 or analysis of covariance (ANCOVA) (Gotoh et al. 2010 ) followed by multiple comparison tests. Conti et al. (2010) used regression analysis to quantify treatments inßuence on life table parameters estimated via lifetable.sas but they did not account for their respective jackknife variance estimates in the model Þtting. Finally, in some studies with quantitative treatments, no statistical tests were applied (Ullah et al. 2012) or FLT uncertainty measures reported (Castro et al. 2011 ).
We present two case studies as illustrations: CS1) effect of concentrations of berenil, a protease inhibitor, on the life history of eucalyptus defoliator T. arnobia (Stoll) (Lepidoptera: Geometridae) and CS2) effect of temperature on demographic parameters of a predaceous ladybird Hippodamia variegata (Goeze) (Coleoptera: Coccinellidae).
Materials and Methods
In this article, we consider analyses of life table data coming from completely randomized designs for which n experimental units (females) are randomly allocated to G groups (treatments). Females are mated and then followed until their death. Survivorship and oviposition data are recorded at regular time intervals (days). For detailed description see Maia et al. (2000) .
Fertility Life Tables. The R computer program lifetable.r reads an Excel spreadsheet (information summarized in Table 1 ) and uses algorithms for life table calculation corresponding to each treatment in two different ways: using complete data or data coming from each jackknife iteration (i).
An FLT is composed of the following columns: 1) treatment or group identiÞcation (G); 2) female pivotal age (t); 3) cumulative survivorship at age t (L t ); 4) mean number of female offspring produced per female at each oviposition date (Mt); 5) net number of female offspring produced per female at each oviposition date (L t M t ), and f) the product t*L t *M t that is used to obtain an approximate estimate for mean generation time (MGT).
We obtain estimates for each FLT parameter (Ro, Rm, DT, T, and ) in each treatment by summarizing information coming from the corresponding life tables. Initially, we use iterative methods for estimating Rm and subsequently DT, T, and , which are derived from that rate. Ro is not affected by the method adopted for Rm estimation (approximate or iterative). Details on FLT parameter estimation using the iterative process are presented in Maia et al. (2000) .
In lifetable.sas, we obtain Rm iteratively from equation 1. The optimal value of r corresponds to the one that minimizes the difference between the two sides of equation 1. As initial value, of r, we use the Rm estimate obtained via the approximated method; the search is made in the interval between 0.80 and 1.20 Rm.
In which t gi (0) and t gi (f) are the time to onset of adulthood and the time to death, respectively, for female i (i ϭ 1, 2, . . . , n g ) in group g; r g is the root of equation 1 for group g to be estimated via the iterative process; and Ro git is the net number of females produced by female i in group g at the pivotal age t.
In the R program, we obtained Rm estimates using the uniroot function based on BrentÕs iterative method (Brent 1973) , for which discretization of the searching interval is not required. At this stage, we construct graphs showing the oviposition patterns across time and box and whiskers plots for total number of eggs laid per female in each group.
Calculation of Pseudovalues. We calculate pseudovalues for each FLT parameter in each jackknife step i by subtracting the estimate for step zero from the respective estimate for step i, using the number of females considered in each step as weights. For example, the Ro pseudovalue for group g step i (PSVRo g (i) ) is given by:
The calculation of pseudovalues is performed in a similar way for the remaining FLT parameters, thus resulting in n g pseudovalues for each parameter after completion of the jackknife procedure. Using pseudovalues, we obtain estimates of uncertainty measures such as variance or SE for each parameter estimated in each group.
At this stage, we construct box-and-whiskers-plots to illustrate the dispersion of pseudovalues within each group, which is directly related to the uncertainty of the respective estimates. The program generates a table with jackknife estimates of FLT parameters and respective SEs for each group.
Qualitative Factors: Comparing Parameters Between Groups. For qualitative factors, for example, diet types (Nascimento et al.1998 , Nardo et al. 2001 , we implemented the following statistical tests: 1) t-test for pair-wise comparisons, using SidákÕs adjustment for the signiÞcance level in cases with more than two treatments (G Ͼ 2) as available in lifetable.sas; 2) Tukey and Duncan multiple comparison tests; 3) Dunnet test to compare treatments with a control; and 4) F test for contrasts established a priori. Notice that cases 2 to 4 require that homoscedasticity is assumed.
Quantitative Factors: Fitting Polynomial Regression Models. For quantitative factors, for example, temperature levels (Laumann et al. 2008) or protease inhibitor concentration (Marinho-Prado 2011), we developed codes for linear regression Þtting, including diagnostics of residuals and inßuence analysis.
After model Þtting, the R program generates: 1) graphs showing pseudovalues, Þtted models and respective 95% conÞdence bands for each FLT parameter and 2) a table presenting estimates of linear model parameters, respective SEs, and nominal signiÞcance levels associated to respective hypothesis tests.
Results and Discussion
The R computer program presents some advantages: beyond being easily available to users, it includes modules for analysis that are not available in lifetable.sas. The use of BrentÕs iterative method for obtaining Rm from equation 1 makes the processing of root searching more efÞcient when compared with the one used in lifetable.sas. The program lifetable.r and the data Þle of case study I presented here are available for download at http://www.cnpma.embrapa.br/ forms/Rlifetable.php3.
To illustrate the use of methods implemented into lifetable.R, plus to interpret and discuss outputs, we (Holtz et al. 2003) . This speciesÕ outbreaks are believed to be favored by the extensive areas of eucalyptus plantations established in the country, where caterpillars Þnd abundant and stable shelter and food supply (Santos et al. 1996) . These conditions have allowed T. arnobia to cause serious damage to these plants. Berenil is an example of a synthetic trypsin inhibitor that may have potential for use as an insecticide (Oliveira et al. 1993) .
The inßuence of berenil in T. arnobia fertility is observed in the delay in the oviposition period. Oviposition did not clearly show the expected triangular pattern (Dixon and Agarwala 2002) . High variability in fecundity among females or oviposition dates was observed ( Figs. 1 and 2) . Fecundity data are presented in a box-plot for visualization of mean, median, variability, and asymmetry of fertility distributions (Fig. 2) .
As we have quantitative treatments, the appropriate way of exploring treatment effects on FLT parameters is via regression models instead of multiple comparison tests. In the current example, because we have only three concentrations under test, we have proposed a simple linear model. In Table 2 , we present parameter estimates for ␤ 0 (intercept) and ␤ 1 (slope) of the Þtted linear models for Ro, MGT, DT, , and Rm. We observe positive slope estimates for MGT and DT and negative ones for the remaining parameters (Fig.  3) ; corresponding nominal signiÞcance levels (P values) Ͻ0.001 indicate a reduction of the potential population growth as the berenil concentration increases. Such results are consistent with the expected effect for a protease inhibitor and they show that sublethal concentrations of berenil effectively harmed population parameters of T. arnobia.
Thus, sublethal concentrations of berenil could be used for pest control, interfering with the population growth rates of insect pests but without causing high insect mortality, which may minimize the risk of development of resistant insect biotypes (Wolfson and Murdock 1995) .
Case Study II: Effect of Temperature on H. variegate. H. variegata is an important aphidophagous ladybird with Palaearctic origin and cosmopolitan distribution (Krafsur et al. 1996 , Franzmann 2002 . It could potentially be used as a biocontrol agent for a variety of aphids (Nedved 1999) ; hence, information on its ecology and life history could (20, 23, 25, 27, and 30ЊC) . The bottom and top edges of the box are located at the 25th and 75th percentiles. The center horizontal line is drawn at the median. The vertical dashed lines extend from the box as far as the data extend to a distance at most 1.5 interquartile ranges. Circles represent outliers. be of great potential value. Temperature has a major impact on the demographic attributes of arthropods, especially ladybirds .
In this case study, we explore the analysis of temperature inßuence (20, 23, 25, 27 , and 30ЊC) on FLT parameters of H. variegata. Temperature-dependent oviposition patterns (Fig. 4) in H. variegata revealed a triangular fecundity shape (Dixon and Agarwala 2002) . The age-speciÞc fecundity was temperature driven and shifted to the younger side with the increase in temperature. Box and whisker plots (Fig. 5) reveal that fecundity increases with the increase in temperature up to 27ЊC and then declines with further increase in temperature, also showing a temperature dependent between-female variability.
As in case study I, we used regression methods to quantify the effect of a quantitative factor (temperature) on demographic parameters. Because we have a high number of levels of the quantitative factor, we proposed a cubic polynomial model. Estimates of the coefÞcients of the polynomial model proposed to represent the inßuence of temperature on H. variegata FLT parameters are shown in Table 3 . Intrinsic and Þnite rates of increase along with the net reproductive rate of H. variegata increased with temperature up to 27ЊC and then decreased (Fig. 6) . Such a pattern corresponds to negative estimates for ␤ 1 , positive ones for ␤ 2 and negative ones for ␤ 3. The reverse was observed in the case of "generation time" and "doubling time" (Fig. 6; Table 3 ).
We are using polynomial models as an approximation to nonlinear models, which are more adequate to describe temperature effects. Procedures for parameter estimation are simpler and computational requirements are lower in polynomial models. However, they have the limitation of being valid only within the range of temperature levels used in the experiment: predicted patterns derived from polynomial models can deviate from the actual behavior of temperature inßuence for values out of that range. We are currently developing an R code for nonlinear regression Þtting by combining the jackknife method with nonlinear procedures available in the nlme package.
Despite being widely used, the jackknife method itself presents limitations in cases for which the survival patterns or the distribution of fertility are highly asymmetrical. Whenever inßuence analysis shows critical outliers, the use of alternative methods such as parametric or nonparametric bootstrap are needed. These methods applied to life-table analysis are still not readily available for users, thus requiring research for both methodology and software development.
In this article, we present a computer program for the analysis of FLT that was developed using the R language and free software environment. It facilitates the objective quantiÞcation of the inßuence of treatments on FLT parameters that are important indicators of sublethal effects in arthropod populations. We have developed tools to perform inferential analysis for either quantitative or qualitative factors, an advance as compared with a similar SAS program in which only methods for qualitative factors were available. We also developed modules to generate statistical reports containing life tables, parameter estimates, results of model Þtting, or multiple comparison procedures as well as high quality graphs for most relevant outputs.
